Abstract. The subsurface drainage discharge is one of the most important indicators of the impact of the drainage systems on water management. The procedure adopted in this study is based on the application of the De Zeeuw-Hellinga theory to derive the final expression for estimation of the value of the subsurface drainage discharge. 
Introduction
The importance of drainage system in water management, particularly the subsurface pipe drainage system is indisputable. For large-scale territorial units in the region of South-East Asia, Africa, India or China, the existence of the subsurface pipe drainage systems is a necessity. This is particularly so when their specific natural conditions bring about permanent waterlogging (ILRI / ALTERRA / UR Wageningen 2000; Ritzema 1994) .
A typical example of the importance of drainage policy in Europe are countries such as the Netherlands, Lithuania or Denmark, where the ratio of the drained area to the total area of the country is 0.72, 0.4, 0.37 respectively (RISWC 2006) .
Another example of land drainage offers the UK. A large-scale land drainage scheme can be found in the Crossens catchment at Southport, situated in Lancashire, to the north of Liverpool. The Crossens catchment contains about 145 km 2 of low-lying land covered mostly with wet lowland peat. The necessary drainage policy is based on an upper and a lower drainage system, both systems are joined at Crossens Pumping Station at Southport, which pumps water out of the catchment to the sea (Rosolova 2006; Harris 2004) Regarding the drainage systems, one of the many important temporary problems of the water management in the Czech Republic, is the long-lasting lack of proper maintenance of the older subsurface drainage pipe systems in the agricultural and riverine (fluvial) landscape and the estimation of its hydraulic efficiency and cost-effectiveness.
To solve these problems, the Research Institute for Soil and Water Conservation (RISWC) Shortly after, riverine landscape was flooded (Kovar and Stibinger 2008) , and the excess runoff left the catchment, the soil profile remains fully saturated. The high soil water content is caused by raised water table levels. Under such conditions, the subsurface pipe drainage system as a part of the local water management structures, can optimize the groundwater regime by its hydraulic function. This ensures an effective reduction of the negative impacts of floods.
From the hydrologic point of view, it seems that the current dynamic of climate is characterized by a great number of extremes, e.g. typhoons, tropic storms, massive shortterms rainstorms and other similar natural phenomena. The negative impacts of these hydrological events very often result in severe flooding.
Some of the territorial units not only in Europe (e.g. the Netherlands), but for example in the Pacific Ocean, are situated under the sea level. Therefore they have to face the permanent impact of such conditions on the water pressure and seepage. Subsurface drainage discharge, generated by the presence of the subsurface pipe drainage systems in saturated soils under the unsteady state drainage flow, comes as one of the cardinal indicators of the drainage hydrology and it has to be taken into consideration within the possible solutions of water management problems.
Should the subsurface pipe drainage system have sufficient impact on the water table and hence improve land properties for environmental protection the design of the parameters of such a system has to be based on the analysis of the subsurface drainage discharge. This discharge is the essential indicator of the impact of field drainage on water regime. This paper reviews the procedure of the application of the De Zeeuw-Hellinga theory to obtain the final expression for estimation of the value of the subsurface drainage discharge.
The methodology of the simple analytical approximation of the subsurface drainage discharge by Bussinesq's Equation to theoretically verify the validity of the De Zeeuw-Hellinga assumptions and to confirm the accuracy of the other corresponding processes is also explained in this report.
The formulas of subsurface drainage discharge were derived with the following assumptions:
the subsurface flow to drains occurred only when approximately horizontal impervious layer was present and the Dupuit's assumptions and Darcy's law were valid.
The correctness and applicability of the analytical approximations of the subsurface drainage discharge, which were shaped into the single equation, was verified by the real field measurements on heavy soils of the experimental watershed area of the Research Institute for Soil and Water Conservation (RISWC) Prague-Zbraslav, Czech Republic (Soukup at. al. 2000) .
The data from the experimental field of the RISWC Prague-Zbraslav, which were used for the verification of the results of this research mentioned above, successfully served also for the confirmation of the accuracy of derivation of the simple analytical approximation of subsurface total drainage quantity in non-steady drainage flow (Stibinger 2003) .
The use of the field data collected for this study was two fold. 
Materials and method

Study area
To verify this numerical experiment, the measured values of the subsurface drainage discharges were used. These data were obtained from the field experimental area of RISWC, De Zeeuw and Hellinga found out (Ritzema 1994a ) that if the drainage recharge R (M) in each time interval (T) is assumed to be constant, the change in the drainage discharge is directly proportional to the excess drainage recharge (R -q) (M) in this time interval.
The constant of proportionality is De Zeeuw-Hellinga drainage intensity factor 
The De Zeeuw-Hellinga's expression in the form of equation (1) heavy rains or floods), then R = 0. Equation (11) can be written as a formula to approximate subsurface drainage discharge:
The first term 1 − t q of equation (4) With respect to the constant time interval dt, the initial value of the subsurface drainage discharge at the beginning of the drainage process, will be approximated from the steady state conditions. For example H. Ritzema (1994b) used in this sense Hooghoudt's Equation.
Using the calculations formed in equation (4) and with the knowledge of the basic subsurface drainage system parameters and soil hydrology characteristics (K, P, H), it is possible to evaluate on step-by-step basis the subsurface drainage discharge q t (M.T -1 ) in any time interval dt (practically in certain time t > 0). presented by Kraijenhoff (1958) and Maasland (1959) . Those methods were simplified by Dieleman and Trafford (1976a) for engineering drainage practice.
Practical example of the application of the De Zeeuw-Hellinga's theory to approximate landfill drainage discharge showed Stibinger (2006b) .
Analytical approximation
For the saturated non-steady state one-dimensional horizontal flow q(x) according to the Dupuit's assumptions, Darcy's equation can be written as:
where q(x) (M 2 .T -1 ) is the intensity of the saturated non-steady state one-dimensional horizontal flow, h(x,t) (M) is the head of the free water table level in the soil porous environment in an arbitrary horizontal distance x (M) from the origin at an arbitrary time t (T)
> 0.
The change in water storage per unit surface area at an infinitely small period of time is described by the equation of continuity:
By substitution equation (5) with equation (6), a non-linear, partial differential equation of the second-order will be obtained:
The non-linearity demonstrates the first part of the equation (7): = constant and represents the average depth of the aquifer, the equation (7) can be formed as:
The equation (7) and (8) is also known as the Boussinesq's Equation (Boussinesq 1904 ) and serves as a very good tool not only for description of the non steady-state groundwater flow in a general form, but also for analysis of subsurface drainage processes (Dumm 1954; Glover 1964; Dieleman and Trafford 1976c; Sagar a Preller 1980; Ritzema 1994c; Stibinger 2003b) .
In this case it is assumed that no recharge to the groundwater table occurs. The unsteady-state saturated groundwater flow to the subsurface pipe drainage system, without any recharge to the water table, is accurately described by these equations.
The linearization of the equation (7) expressed by the equation (8) 
which is the starting formula for analytical approximation of the subsurface total drainage quantity Q(t) (M). Stibinger (2003c) derived this parameter into the equation:
Finally, by the differentiation of the right part of equation (10) ) 8 1 ( The way of the analytical solution of the subsurface drainage discharge q(t) (M.T -1 ), which is in the final form described by equation (11), is exploitable enough. This process permits to approximate the subsurface total drainage quantity Q(t) (M) in any time t > 0, in this case by the equation (10). 
Results and discussion
Measured and calculated values
The accuracy of the De Zeeuw-Hellinga's model application represented by the equation (4) and the validity of the use of the analytical solution represented by the equation (11) The calculated values of the subsurface drainage discharges obtained by the application of equation (4) and equation (11) were compared with the daily measured data from the RISWC Prague-Zbraslav experimental watershed mentioned above.
The area of 40 hectare of the heavy soils with low hydraulic conductivity drained by systematic subsurface pipe drainage system was selected and established during years 1976/77 by the RISWC Prague-Zbraslav. The main purpose was to estimate the impact of drainage policy and particularly the force of the subsurface pipe drainage system on the water regime in agriculture landscape.
This part of drainage represents the typical example of the shallow subsurface drainage system (see Figure 1) , which comprises the drain spacing L (m) = 11, average of the drain depth h d (m) = 0.75, and diameter of the lateral drain r 0 (m) = 0.06 (Stibinger 2003d ).
The soil hydrology characteristics of the drained soil layers were measured in the terrain and verified in the laboratory using the "undisturbed" core samples. Approximation of the values of the hydraulic saturated conductivity was executed by the principles and applications of the single auger-hole method with Ernst's evaluation ( Van Beers 1970) , partially by an inversed single auger-hole method (Ritzema 1994f) and by double-ring infiltration method (Kutílek and Nielsen 1994) . The drainable pore space (effective porosity) was approximated from the soil water retention curves (SWRC) using van Genuchten's theory (van Genuchten and Nielsen 1985) with equivalent pore radius distribution.
Homogenous isotropic soil environment can be presented by the one value of hydraulic That means that the process of the subsurface saturated unsteady-state flow to the drains was not shaped by any recharge to the groundwater table.
The period from which the time series of the subsurface drainage discharge for verification were selected, started at the beginning of May 2001 and proceeded to the end of the month, when the unsteady state drainage process was terminated. The real measured daily values of the subsurface drainage discharge (mm.day -1 ), from the selected period specified above, are shown in the second column of Table 1 .
The results of calculations of the daily values of the subsurface drainage discharge (mm.day -1 ) obtained by equation (4), based on the De Zeeuw-Hellinga drainage theory, are shown in the third column of Table 1 .
Daily values of the subsurface drainage discharge (mm.day -1 ) calculated according to equation (11) are shown in the last column in Table 1 . These come from the simplified analytical solution of the linearized Boussinesq's equation.
Time series of all the measured and calculated data are presented graphically in Figure 2 .
Discussion
The daily values of the subsurface drainage discharge measured at the RISWC Prague experimental field, the values of the subsurface drainage discharge calculated by De ZeeuwHellinga model (4) and the values of the subsurface drainage discharge calculated by equation (11) were compared (Table 1 and Figure 2 ).
Graph in Figure 1 shows that the trend of the curves of the measured and calculated values is identical, although certain differences are apparent.
The course of the time series of the tested values is monotone, exponential, evidently decreasing and corresponds with the real drainage processes very well.
As can be seen in Figure 2 , it appears that especially at the beginning of the tested period the values of the subsurface drainage discharge obtained by the De Zeeuw-Hellinga model approximate the process far better then the values of the subsurface drainage discharge /calculated according to the equation (11)/.
Approximately after the three and half days of the process, the values obtained by the De Zeeuw-Hellinga theory are evidently higher then the real values, while the values estimated by equation (11) are clearly smaller (see Figure 2) .
Particularly during the first days of the drainage process, the deviations (errors) of the values of the subsurface drainage discharge calculated by the equation (11) from the real measured values are rather high: The first day it is 35.2 %, in the second day 25.2 % and the third day 14.7 (see Table 2 ). Dieleman and Trafford (1976c) offer an explanation of this discrepancy. They discovered that the validity of the equation (11) In this case T p = 0.4 / 0.112 = 3.57 days, which means that the equation (18) should be used just from the time 3.6 days. This way the more significant errors of the values of the subsurface drainage discharge, calculated by the equation (11) in the first three days of this drainage process are explained.
According to Mls (1984) , for the saturated non-steady state groundwater flow with the use of the Dupuit's assumptions and Darcy's Law, the following theoretical applies: At the border (for example bank or the drain pipe) and for time on-coming (converging) to zero, the relatively extremely high values of the velocities, drainage discharges, outflows are generated.
The graph in Figure 3 clearly shows, that the course of the absolute magnitude of the differences generated by the use of the equation (11) The time series of the absolute magnitude of the differences between the daily values of the measured subsurface drainage discharge and the values of q t calculated by De ZeeuwHellinga theory also views the graph in Figure 3 . During the entire observed period the course of the differences is fluctuating, from the fourth day slightly decreasing, and the absolute magnitude of the differences varies between 0.11 (mm.day -1 ) and 0.02 (mm.day -1 ), i.e.
between 11.5 % and 2.1 % (see Table 2 and Figure 2 ).
From the fourth day of the drainage process, the course of the differences from De ZeeuwHellinga applications is almost identical with the course of the differences from calculation by
It is perceived that the final equation (4), derived from the base of the De Zeeuw-Hellinga theory, can serve as a good tool for approximation of the subsurface drainage discharge in the whole course of the drainage process, while equation (11), which is more known and used, is suitable from the certain time of the drainage process. In this case it is from the time t (day) = 3.6 day.
Conclusions
It is indisputable that the subsurface drainage discharge falls within the most important indicators of the subsurface pipe drainage system and all drainage hydrology. The correct estimation of this characteristic plays key role in drainage policy and can serve not only for the evaluation of the impact of the existing subsurface drainage system, but also for the design of parameters of a new one.
The accuracy of the De Zeeuw-Hellinga's method in the general form was theoretically confirmed by the results of the analytical solution of the Boussinesq's Equation.
By the real daily measured values of the subsurface drainage discharges from the experimental field of the RISWC Prague it was demonstrated that the equation (4), as a result of the De Zeeuw-Hellinga theory, is an acceptable tool to approximate the subsurface drainage discharge under the unsteady state drainage flow in heavy soils.
The applicability of the De Zeeuw-Hellinga's assumptions in the high permeable porous environment was controlled in the field of landfill hydrology by the analysis of the measured data of the landfill leachate rate from the internal landfill drainage system at the Osecna Landfill in the Czech Republic (Stibinger 2006b ).
A great privilege of the De Zeeuw-Hellinga equation (4), compare to equation (11), consists in the possibility of its use also and especially at the very beginning of the drainage process.
The equation (11) Despite the necessary use of models such as DRAINMOD (Skaggs 1999) , SWAP (Dam 2000) , MODFLOW in the complex cases of drainage policy (unsaturated zone, cracked soils, transient drainage processes), the application of the algorithms and the calculators in the style of equation (3) and (4) has its own not negligible advantages.
De Zeeuw-Hellinga drainage model approximation yields slightly higher values of subsurface drainage discharges then the actual data. This makes the application of its results useful in the design of effective subsurface pipe drainage systems. It can also serve as a simple and suitable engineering tool for immediate estimation of the value of subsurface drainage discharge, which requires only minimum input information (e.g. the basic soil hydrology data and drainage system basic design parameters).
Last but not least the results of the De Zeeuw-Hellinga theory in the single final form, as represented by equation (3) and (4), allow their use (can be used) in an inversion situation.
This means that the equations can be used not only for the estimation of the impact of subsurface field drainage systems on the water regime in landscape, but also for verification of the design parameters of the existing subsurface drainage systems, or to determine a new one.
The sphere of the use of the De Zeeuw-Hellinga equations is very wide, all the verifications of the field test results and measurements reflect that the possibilities of applications and their benefits to the user, as mentioned above, can be fulfilled.
The verification of the field test results and measurements reflects, that the possibilities of application and their benefits user, mentioned above, can be fulfilled.
The results, presented at this article, were also used in the research of the Ministry of Agriculture Czech Republic no. 821 26, "Save of the harmonisation of landscape, hydrologic and produce function of agrarian wall for diversification of rural activities" (Dr. Machova).
